Introduction
The great progress in the spinning process focused on improving both the yarn quality and productivity, which has brought about the development of air-jet, air vortex, and compact spinning. On the other hand, polytrimethylene terephthalate (PTT), an eco-friendly fiber based on corn, was developed to improve the low elastic recovery, which was a shortcoming of the polyester fibers. Considerable researches related to air vortex yarns have been carried out using cotton, rayon, and Tencel fibers. These studies [1, 2, 5, 17, 21, 23] examined the relationship between the physical properties of the yarn and the process parameters of the air vortex spinning system. Ünal [23] compared the mechanical properties of fabrics made from three types of yarns spun on air vortex, ring, and rotor spinning machines using 100% cotton fibers. Zhao et al. [24] examined the physical properties of the yarns and their knitted fabrics made of PTT, wool, Tencel, and quick dry PET on a ring spinning system. Suzuki et al. [22] examined the hand and mechanical properties of air vortex yarns and their knitted fabrics using rayon staple fibers. In an early study, Das et al. [3, 9] investigated the physical properties of the cotton/ acrylic air vortex yarns and their fabrics compared to the ring and compact yarns. Kilic et al. [9, 10] compared the physical properties of cotton/Tencel air vortex yarns with the ring and compact yarns. On the other hand, according to other studies [2, 5] the pilling characteristics of air vortex knitted fabrics made of cotton/rayon were superior to that of the ring and other spinning systems because of less yarn hairiness of the air vortex yarn. Li et al. [12] examined the dimensional stability and mechanical properties of PET/wool air vortex fabrics. Despite this, there is no consensus among their findings, that is, the differences in the yarn physical properties of the air vortex yarn compared to the ring and other yarns were noted according to the staple fiber materials, such as cotton, rayon, and wool, used in each study. In addition, the fabric hand and wearing performance of the fabrics made of air vortex and ring yarns showed slightly different findings according to the fiber materials. Recently, PTT has been used for high emotional garment fabrics because of its high elastic property and ecofriendly characteristics; therefore, PTT has been the focus of the textile materials for high functional and eco-friendly fabrics. Liu et al. [13] , Luo et al. [14, 15] , and Ovejero et al. [18] examined PTT filaments and their fabrics. Recently, Kim [11] investigated the physical properties of PTT-and wool-imbedded air vortex yarns and the wear comfort of their knitted fabrics for high emotional garments. On the other hand, the physical properties of fabrics made of air vortex yarns using PTT, including ecofriendly staple fibers, has attracted less attention. Therefore, this study examined the physical properties of the air vortex yarns compared to the ring and compact yarns using the PTT/ Tencel/cotton fibers. In addition, this study examined the tactile hand and wear comfort of knitted fabrics made of the air vortex yarns and the applicable possibility of the PTT fibers to the air vortex yarn fabrics for emotional garments. 370 m/min, the air pressure of the nozzle was 0.6 bar, and the distance of the nozzle was 20 mm. The yarn linear density of 20, 30, and 40 Ne was spun on the three types of spinning frames, respectively.
Knitted fabric preparation
Two-folded (2/20 Ne, 2/30 Ne) and three-folded yarns (3/40 Ne) were made on a winder (SamChang Co., Korea) with spandex 20 denier using 20, 30, and 40 Ne single yarns, which were spun on each spinning frame. Nine types of the knitted fabric specimens were made using these three types of yarns with a plain knit pattern, 14 gauge on the weft knitting machine (NSSG 14-122 SV, Shima, Japan). Different densities of the course and wale directions were applied according to the yarn linear density, and Table 2 shows the stitch density of the each knitted fabric specimen according to the yarn linear density. Table 2 lists the knitted fabric specimens.
conditions of the vortex, compact, and ring spinning processes. The fiber characteristics of cotton such as fineness, length, and tenacity were measured using HVI system, and their average and coefficient of variance (CV, %) values were calculated using experimental data measured by the fiber specimens prepared from 10 bales. The mixed percentage of the blended fibers was 30% of PTT, 50% of Tencel, and 20% of cotton. The fineness of the PTT staple fiber was 1.2 d; the average fiber length was 38 mm for the air vortex spinning frame and 40 mm for the ring and compact systems. The fineness of the Tencel was 1.17 d; the mean fiber length was 38 mm. The average fineness of the cotton fiber was 1.4 d; the mean fiber length was 28 mm. The spinning frames used in this study were air vortex (Murata, MVS 861), compact (Toyota, RX 300), and ring (Zinser MAT 670). The spindle speed of the ring and compact spinning frame was 10,000 rpm, the twist multiplier was 3.8, and the air pressure of the compact roller on the compact spinning frame was 3.8 kPa. The spinning speed of the air vortex spinning was the distilled water of 27 ± 2°C, and the wicking length (mm) was then measured after 10 min and taken as mean value of the coarse and wale directions. Three tests were conducted for each specimen. The drying property was also measured by KSK0815 using a drying tester (Intec. Co. Ltd., Japan). A square-shaped knitted fabric specimen, 40 cmx40 cm in size, was submerged fully in distilled water in a 27 ± 2°C water bath, and the absorbed specimen was then hung on the equipment. The weight of hung specimen was measured according to the time, and the time (minutes) elapsed until the specimen weight was relatively constant was recorded as the drying rate. Three tests were carried out for each specimen. The thermal property was measured using a KES-F7 (Thermolabo II, Kato Tech. Co. Ltd, Japan). The thermal conductivity (K) and maximum heat flow (Q max ) were assessed using this apparatus. The thermal conductivity (K) was measured at 22 ± 1°C and 70 ± 5% of relative humidity and calculated using equation (3).
where K (W/m°C) is the thermal conductivity, W is the heat loss (W/cm 2 ), D is the thickness (cm) of the specimen, ΔT is the temperature difference (°C), and Q max is the maximum heat flow (J/cm 2 ·s). Three tests were conducted for each specimen. Table 3 lists the yarn physical properties according to the spinning method. As listed in Table 3 , the unevenness (U%) of the air vortex yarns was higher than those of the compact and ring yarns. The imperfections of the air vortex yarns, particularly in 40 Ne, such as thin, thick, and nep, were much more common than those of the compact and ring yarns, which was attributed to the fasciated yarn structure of the air vortex yarns, that is, to the alternative presence of thick and thin places along the longitudinal direction of the yarn because of the formation of a periodical fasciated twist by the wrapper fibers on the yarn surface. Similar findings in previous studies have been reported for 100% cotton air vortex yarns [2] and cotton/Tencel and cotton/modal air vortex blend yarns [5] . This means that PTT/Tencel/cotton blend fibers are applicable to the air vortex spinning system such as 100% cotton, cotton/ Tencel and cotton/modal blend fibers. Figure 1 presents optical microscopic images of the yarn specimens. As shown in Figure  1 , the air vortex yarns were more irregular than the compact and ring yarns, but the hairy fibers on the yarn surface of the air vortex yarns were fewer in number and shorter than those of the compact and ring yarns. This was caused by the wrapper fibers on the yarn surface, which makes a wild fiber loop to protect the hairy fibers from coming out from the inner part of the yarns. Beceren et al.
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Physical properties of the air vortex yarns
[2], Erdumlu et al.
[5], and Soe et al. [21] reported similar findings.
Mechanical properties of the air vortex yarns
As presented in Table 3 , the breaking strength and breaking strain of the air vortex yarns were lower than those of the
Measurement of the yarn and fabric physical properties
Yarn physical property
The unevenness of the nine types of staple yarns was measured using an Uster 5 evenness tester (Uster Ltd. Co., Switzerland). The U%, thin, thick, and nep were measured using the Uster 5 apparatus. The yarn tensile property was measured using a Testomeric Micro 350 (UK). The tenacity, breaking strain, and tensile modulus were measured with a gauge length of 20 mm and the testing speed was 100 mm/min. Twenty tests were carried out for each specimen, and the average value and standard deviation (SD) were assessed. The dry thermal shrinkage was measured under the following conditions: 180°C dry heat for 30 min treatment in a dry heater chamber. The wet thermal shrinkage was measured at 100°C wet heat for a 30-min treatment in a water bath. Ten tests were carried out for each specimen, and the average value and SD were calculated. The length of the yarn specimen, as a hank shape before (l 1 ) and after (l 2 ) dry(wet) heat treatment, was measured under 0.1 g/d; the initial load and dry(wet) thermal shrinkage were calculated using equation (1).
The longitudinal image of the yarn specimen and the surface image of the knitted fabric specimens were examined by fieldemission scanning electron microscopy (FE-SEM S-4100) and optical microscopy (i Camscope-305A).
Physical properties and wear comfort of the knitted fabrics
The mechanical properties of the knitted fabrics were measured using a KES-FB system. The tensile, shear, bending, compression, and surface properties of the knitted fabric specimens were measured with 16 mechanical properties including the fabric weight and thickness [18] . Three tests were conducted for each specimen. The relaxation shrinkage of the knitted fabric specimen was measured using the FAST-4 system. A 20 cm x 20 cm knitted fabric specimen was dried for 10 min in a dryer and the L 1 was then measured. The specimen was then soaked for 30 min at 30°C in a water bath and the L 2 was measured. The specimen was dried for 15 min at 105°C in a dryer and the L 3 was measured. The relaxation shrinkage (RS) was calculated using equation (2). Three tests were carried out for each specimen.
The pilling property was measured using the pilling box method according to KSK ISO 12945-1:2009. The specimen was removed from the pilling box measuring apparatus after 1440 revolutions, and the surface image of the specimen was then taken using a video microscope and scanning electron microscope (SEM), respectively. The wicking, drying, and thermal property as a wear comfort related to the moisture and heat transmission were measured. Wicking was measured using the Bireck method (KSK 0815). About 10 mm of the one end of the strip of 20 cmx2.5 cm in size was submerged into of the air vortex, compact, and ring yarns.
As shown in Figure 2 , the breaking strength and strain of the air vortex yarns were lower than those of the compact and ring yarns, respectively. On the other hand, in Figure 2 (c), the initial modulus of the air vortex yarn was observed as similar value to the ring yarn, which was attributed to the contribution of the elastic property of PTT fibers in the yarns, that is, it shows that the elastic property of the PTT fibers in the fine yarn count (40 Ne) can contribute at low elastic modulus of the air vortex yarn. Figure 3 presents SEM images of the yarn specimens compact and ring yarns. This was attributed to the loose wrapper fibers formed on the yarn surface by the whirled air in the vortex nozzle and to the loop formed by wild fibers on the yarn surface, which makes the fibers in the yarns less resistant to external loads. These results were similar to those of previous studies (Beceren et al.
[2], Erdumlu et al [5] and Soe et al. [21] ).
Regarding the initial modulus of the yarn specimens, the air vortex yarns and ring yarns showed the highest and lowest initial modulus, respectively, which was caused by the parallel fibers in the core of the air vortex yarns and by the helical fibers in the ring yarns. Figure 2 presents the load elongation diagram PTT including the staple yarns is very important and affects the fabric physical properties. As shown in Table 3 , the dry shrinkage of the air vortex yarn ranged from 2% to 3%, and the level of wet shrinkage was 2.5-5%. These were much higher than those of the ring yarns, which was caused by the bulky yarn structure of the air vortex yarn, that is, the wet and dry thermal shrinkages by the rearrangement of the PTT fibers by thermal stress in the air vortex yarn as exposed to wet and dry heats were higher than those of the ring yarns because of low Tg of the PTT fibers. This means that the thermal shrinkage of the PTT-blended air vortex yarn is mostly influenced by PTT fiber in the bulky yarn structure with the periodical fascinated twist by the wrapper fibers on the air vortex yarn surface, but not influencing by PTT fibers in the PTT-blended ring yarn.
according to the spinning method.
Parallel fibers in the core of the air vortex yarns and the wrapper fibers on the air vortex yarn surface with the wild loops were observed, and fewer hairy fibers were found on the air vortex yarns compared to the compact and ring yarns, but helical fibers were noted on the surface of the ring yarn.
Thermal shrinkage of the air vortex yarns
PTT has a Tg of approximately 40°C, so thermal shrinkage occurs because of the low Tg and reorientation of the molecular chain in the amorphous region because they move to a more stable state thermodynamically. The thermal shrinkage of cotton and acrylic staple yarns. In Figure 4 (c) and (d), the thermal conductivity and Q max of the air vortex knitted fabrics were lower than those of the compact and ring knitted fabrics, which were attributed to the air vortex yarn structure explained previously, that is, more air voids in the fasciated bulky air vortex yarn entrap the neighboring air, which prevents heat flow from the inner layer to the outer layer of the air vortex knitted fabric. These thermal results mean that air vortex yarns are compatible with winter textile goods, and ring and compact yarns are suitable for summer ones. Figure 4 presents the wicking rate, drying rate, thermal conductivity, and Q max according to the spinning method. As shown in Figure 4 (a) and (b), the wicking rates of the air vortex knitted fabrics were lower than those of the compact and ring knitted fabrics, but the drying rates of the air vortex knitted fabrics were shorter than those of the compact and ring knitted fabrics. These results were attributed to the air vortex yarn structure, that is, the absorbed water from the end of the air vortex yarn was prevented from moving upward by the capillary effect because of the yarn structure with the parallel fibers bundle in the core and the wrapper fibers formed periodically on the yarn surface with large pores inside the air vortex yarn. These findings were similar to previous studies [6, 7, 20] . On the other hand, the shorter drying rate of the air vortex knitted fabrics compared to the ring and compact knitted fabrics was caused by larger voids in the air vortex yarns, which resulted in rapid vapor transmission by diffusion. Das et al. comfort because of the low extensibility and compressibility as well as the high bending and shear rigidities. These mechanical properties of the air vortex yarn knitted fabric were attributed that of the ring yarn, which was similar to the present findings. Figure 5 presents optical microscopic images of the pilling of the knitted fabric specimens according to the spinning method. Considerably less pilling was observed in the air vortex knitted fabric than that in the compact and ring knitted fabrics, which was attributed to the fewer and shorter hairy fibers on the air vortex yarn surface than the ring and compact yarns. Table 5 lists the fabric mechanical properties of the knitted fabric specimens (20 Ne) according to the spinning method measured by the KES-FB system [8] . Figure 6 presents a diagram of the mechanical properties of the knitted fabric specimens according to the spinning method using the data listed in Table 5 . As shown in Figure 6 , the extensibility (EM) and tensile resilience (RT) of the air vortex knitted fabric were lower than those of the ring and compact knitted fabrics. The compressional resilience (RC) and compressional work (WC) of the air vortex knitted fabric were also lower than those of the ring and compact ones, respectively. In contrast, the bending rigidity (B) and hysteresis (2HB) and the shear modulus (G) and hysteresis (2HG) of the air vortex knitted fabric were higher than those of the ring and compact knitted fabrics, respectively. This means that the air vortex knitted fabric has a harsh tactile hand and poor tactile 1 2 3 4 5 6 7 8 9
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Figure 5. Optical microscopic images of the pilling of the knitted fabric specimens. to the fasciated air vortex yarn structure with the parallel fibers bundles in the core and wrapper fibers formed periodically on the yarn surface, which resulted in low extensibility and tensile resilience in the longitudinal direction of the fabric, as well as in high bending and shear properties and low compressional resilience and compressional work in the lateral direction of the fabric.
Conclusion
The wear comfort of the bio-fiber PTT/Tencel/cotton air vortex yarns and their knitted fabrics for emotional garments were studied with tactile hand property to assess the applications of the PTT staple fibers to air vortex yarns compared to ring and compact yarns. The unevenness of the air vortex yarns was higher than that of the ring and compact yarns, which resulted in low tenacity and breaking strain of the air vortex yarns. The hairiness of the air vortex yarns, however, was lower and shorter than that of the ring and compact yarns. The initial modulus of the air vortex yarns was higher than those of the ring and compact yarns. However, in fine yarn count (40 Ne), the initial modulus of the air vortex yarn was similar to that of the ring yarn, which means that the elastic property of the PTT fibers in the air vortex yarn affects the elasticity of yarn irrespective of spinning method, that is, yarn structure. The thermal shrinkage of the air vortex yarns was higher than that of the ring yarns, which was caused by the sensible thermal shrinkage of the PTT fibers on the bulky yarn surface and the core part of the air vortex yarns. The wicking property of the knitted fabric by the air vortex yarns was poorer than those by the ring and compact yarns. On the other hand, the drying property of the knitted fabric by the air vortex yarns was superior to that of the ring and compact yarns, which was explained by the greater water vapor transport because of the larger openness between the fibers in the air vortex yarns. The thermal conductivity of the knitted fabric by the air vortex yarn was lower than that of the ring and compact yarns, and the maximum heat flow (Q max ) at the transient state of the air vortex knitted fabric was also lower than that of the ring and compact yarns. On the basis of the wear comfort, including thermal property, the air vortex yarns are compatible with winter textile goods. The relaxation shrinkage of the air vortex knitted fabric was higher than that of the knitted fabrics by the ring and compact yarns, which was attributed to the low Tg of the PTT fibers in the air vortex yarns. The pilling of the air vortex knitted fabric was superior to that of the ring and compact yarns; this was attributed to the less and short hairy fibers protruding from the air vortex yarn surface. The tactile hand of the air vortex yarn knitted fabrics was stiffer than that of the ring and compact yarns knitted fabrics, which revealed the harsh tactile wear performance of the air vortex knitted fabric. However, the harsh tactile hand of the air vortex knitted fabric was estimated to improve in the thinner fabrics by the low elastic modulus of fine yarn because of the PTT fibers in the air vortex yarns.
